I. Introduction
he conventional thought process with respect to analysis of air-breathing propulsion systems focuses heavily on the flow of air through the propulsion system. In point of fact, the ultimate aim of any propulsion system is to efficiently convert energy stored in the chemical bonds of a fuel into useful thrust work. It therefore follows that what truly matters from a thermodynamic perspective is how effectively the work potential stored in the fuel is converted into useful thrust work on the vehicle. Air is only an intermediary in this process. This is the basic idea and philosophy underlying the concept of Work Transfer Analysis.
The intent of this paper is to explore work transfer analysis with specific application to typical Brayton engine cycles. This work builds on ideas explored in Ref. 1 and tailors the basic concepts to analysis of turbofan engines of current practical interest. The development is a logical extension of the work transfer concept starting with the analysis of the simple ramjet engine. The ramjet analysis is used to illustrate basic principles and is a pedagogical stepping stone towards turbofan engines. The method is subsequently applied to turbojet and turbofan engine cycles, with practical examples and results. This ultimately leads to a framework for analysis of thermodynamic efficiency of gas turbine engines.
This framework is complementary to existing frameworks described by Lewis 2 and is a useful tool in understanding theoretical transfer of useable work potential through a machine. The basic model suggested in Ref. 1 for analysis of work transfer in a propulsion system is given by: 
where: LHV = Heat content (lower heating value) of the fuel per unit mass fuel w fuel = Maximum cycle work theoretically available in the fuel per unit mass flow w cycle = Net work produced by the engine cycle (gas generator available energy) per unit mass flow w KE = Net change in kinetic energy of the propulsive flow per unit mass flow w Thrust = Net thrust work produced per unit mass flow η o = overall propulsion system efficiency (defined as quotient of thrust work out to heat input) η P = propulsive efficiency (defined as quotient of thrust work out to kinetic energy production). η Tr = propulsive transfer efficiency (defined as quotient of kinetic energy production to cycle work output). η CT = cycle transfer efficiency (defined as quotient of cycle work output to fuel available energy). η CA = cycle availability efficiency (defined as quotient of available energy added to the cycle to heat input). Thus, propulsive efficiency is a measure of how much thrust work is produced per unit kinetic energy produced in the propulsive stream(s). Transfer efficiency measures how much of the net cycle work is realized as kinetic energy in the propulsive stream. Cycle transfer efficiency measures how much of the available energy added to the cycle is realized as useful output. Cycle availability efficiency measures how much of the work potential stored in the fuel is realized as available energy in the cycle, measured as a fraction of the total heating value of the fuel. This model is used herein as the basis for work transfer analysis of ramjet, turbojet, and turbofan engine cycles.
II. Pedagogical Application: Ramjet
The best way to illustrate the concept of work transfer analysis is to apply it to a simple and well-known propulsive cycle such as the ubiquitous ramjet engine. Various portions of Eq. (1) will be developed for the case of a ramjet engine and each examined in detail. These pieces are then assembled to yield an overall model for work transfer in a ramjet engine.
A. Ramjet Cycle Transfer Efficiency
To start, consider the ramjet engine schematic shown in Fig. 1 . The station numbers are noted at bottom, and the engine is assumed to be divided into the following components: inlet, combustor, and nozzle. First, flow is ingested into the inlet where its freestream kinetic energy is converted into potential energy. The ingested flow therefore has some work potential relative to the propulsion fixed reference frame by virtue of the flight speed of the propulsion system. This work potential is equal to the kinetic energy per unit mass flow of air relative to the vehicle fixed reference frame, and is denoted by w 1 . The inlet is not perfect and therefore the flow emerging from the inlet has some value of work potential per unit mass flow, w 3 , less than w 1 . Let us denote the ratio of w 3 /w 1 as the inlet work transfer function, X inlet . Therefore, w 3 can be expressed as the product of w 1 and the inlet work transfer function. Presumably, w 1 is only a function of the flight conditions while X inlet is also a function of the inlet design itself.
For the sake of simplicity, let us model the combustor as consisting of two separate flow processes: a pressure drop followed by work addition through the combustion of fuel. If we define an intermediate station inside of the combustor (denoted as 3 a ) such that station 3a experiences a pressure drop but not an increased temperature, then the work potential at station 3a is simply equal to the product of w 3 times the transfer function of the pressure drop, X ∆P/P = w 3a /w 3 . The work potential emerging at station 4 is equal to the work potential at station 3a plus the work potential added through the combustion of fuel, w fuel . Note that w fuel is a function of the fuel properties and combustion conditions inside the combustor. In general, it is not the same as fuel exergy or fuel heating value. Rather, it is the usable work potential added due to heat release in the combustor. In the present context, useable work potential is given by the gas specific power, sometimes referred to as gas horsepower, at station 4 minus the gas specific power at station 3 (see Ref. 3 for a detailed definition of gas specific power). The combustion conditions are in turn a function of the ram compression work, and therefore, w fuel =f(w 1 ), as we will see later in this discussion.
Continuing with the previous discussion, the work potential at station 4 then passes through the nozzle to emerge at station 9. Hopefully, the great majority of the useable work potential available at station 4 has been transformed into kinetic energy of the exiting flow at station 9. The nozzle is not perfectly efficient and therefore w 9 is the product of the work transfer function of the nozzle and w 4 : 
re-arranging yields the following expression for net cycle work: 
Referring back to Eq. (1), the cycle transfer efficiency for a ramjet can therefore be expressed as: Note that the terminology "effective" cycle efficiency is used here because w fuel is not the same as LHV, so this expression is not the same thing as thermal efficiency as we are accustomed to thinking of it. Rather, the product of cycle transfer and cycle availability efficiency is equivalent to the standard definition of thermal efficiency.
The form of Eq. (6) suggests that the transfer of available energy into cycle output in a ramjet cycle has two principal work transfer paths inherent to it: a feedforward path and a feedback path. The term labeled "gross work transfer function" governs how much of the useable fuel work potential, w fuel , is converted into gross cycle work (i.e., it is the feedforward path taking fuel work potential into gross cycle work). It governs how effectively the work potential available at station 4 is converted into useful cycle work.
The feedback path involves two terms. First the term w 1 /w fuel is a non-dimensional "gain" parameter quantifying the ram work/net cycle work split as a fraction of fuel work potential input into the system. This parameter is a function of combustion conditions (and therefore flight speed) and fuel properties. The term labeled "ram work loss function" governs how much of the ram work that is fed back into the cycle is lost. In effect, the ram work loss function quantifies the "efficiency" of the ram work transfer path in terms of how much gross cycle work is required to produce a unit of ram compression work in the ramjet cycle.
The equation for net cycle work (Eq. 5) suggests that four parameters drive the total work output in a ramjet machine: the previous three parameters, and specific work potential added to this cycle through the fuel. It is important to note that the preceding conclusions were arrived at by assuming nothing more than the basic arrangement and connectivity of components in a ramjet engine. Absolutely nothing about the component performance, cycle efficiency, propulsive efficiency, air properties, or fuel properties has been assumed at this point. This is a strength of the work transfer analysis method: key groupings of efficiency parameters are a fallout of the analysis.
In view of these results, it is evident that the schematic shown in Fig. 1 is not a convenient representation of work transfer through a ramjet engine. Fig. 1 focuses on the flow of air through the system, not the flow of work potential. Moreover, the ram work transfer loop is not even depicted on the ramjet engine schematic diagram, though it is certainly a real and very important path of work transfer. From a work transfer perspective, the schematic should start with fuel work potential and end with net thrust output. Fig. 2 shows a modified ramjet engine schematic that more accurately reflects the work potential point of view. Note that there is now a loop to capture the ram work transfer and the schematic now begins and ends with work transfer into and out of the propulsion system.
Recall that w 1 is the kinetic energy of the incoming flow. The available energy input into the machine, w fuel , is the useable work potential. In other words, w fuel is that portion of the fuel enthalpy with the potential to be converted into exhaust kinetic energy. The ratio w 1 /w fuel is in turn a function of flight speed and fuel heating value. The Eq. (6) clearly shows that as the ratio w 1 /w fuel increases, it becomes more important for the ram work loss function to decrease. Further, it is clear that the impact of component work transfer becomes increasingly important as the total ram work increases. In general, the component with the lowest work transfer will have the highest sensitivity to total machine output and efficiency. Finally, note that the nozzle work transfer appears in both the ram work path and the feedforward transfer path, and is therefore doubly important. All of these results are congruent with our intuitive expectations for the behavior of ramjet performance as a function of operating condition, fuel heating value, and component performance. However, the above expression of ramjet performance is more compact, concise, and intuitively revealing than the more commonly used performance representations. The cycle work transfer representation for the ramjet engine can be expressed in terms of classic component efficiencies by using the results derived in Ref. 4 , as shown in Fig. 3 . It is evident that the nozzle thrust coefficient has a large impact on total transfer of fuel work potential into kinetic energy of the ramjet propulsive stream. Note also that the loss in work transfer is a function of the dimensionless ram work passing through the ram work feedback loop.
If one recognizes that the non-dimensional ram work feedback is a function of flight Mach number, as is the stagnation pressure ratio, then the equation assembled in Fig. 3 can be further re-arranged such that it can be expressed as a function of Mach number: 
B. Ramjet Cycle Availability Efficiency
Next, let us examine cycle availability efficiency for a ramjet. It should be evident that the cycle availability efficiency must somehow be related to the ram work transfer and ram work loss function derived in the previous section. To see this, note that the cycle pressure ratio expression for cycle availability efficiency (derived in Ref. 1). If we neglect the change in ratio of specific heats between stations 3a and 4, then cycle availability can be approximated in terms of the work potential at station 3a: The work potential at station 3a can be expressed in terms of the work potential at station 1 and the transfer function through the inlet and combustor pressure drop. The enthalpy station 3a is the same as that at station 1, which is the same as the initial ram work input, w 1 . Combining these results with Eq. (6), we see that cycle work output can be expressed in terms of the cycle availability efficiency and fuel heating value: This expression clearly demonstrates the role of ram work feedback in the ramjet engine cycle. Although the work transfer loop itself contributes only loss to the cycle transfer efficiency, the cycle availability efficiency is directly proportional to the ram work per unit mass, w 1 , while components in the compression path (inlet work transfer function and combustor pressure drop work transfer function) act to decrease the transfer of fuel energy into available energy.
C. Ramjet Propulsive Efficiency Expressed as Work Transfer
It is noted in Ref. 1 that propulsive efficiency is intimately related to both kinetic energy of the incoming flow (w 1 ) and the change in kinetic energy of the propulsive flow in passing through the machine. For a single flow machine, propulsive efficiency can be expressed as: 
The transfer efficiency of a ramjet engine is 1.0 since the work potential is not transferred into a secondary stream as in the case of a turbofan engine. This equation shows that the efficiency of converting fuel work potential into net cycle output in a ramjet engine is given by the term in the curly braces on the right side. The efficiency of transferring this work potential into thrust work is given by the term in the parentheses. Note that this expression is a nonlinear function of net work output.
III. Work Transfer in Turbojet Engines
A similar work transfer analysis to that used for the ramjet can be carried out for the turbojet engine, with the development being a simple extension of the foregoing development for the ramjet engine wherein an additional work transfer loop is added by virtue of the compressor-shaft-turbine added to the flowpath. Using the station 
and the total work potential out of the compressor is, by definition: (15)
Continuing in this same vein, the total work potential entering the combustor is given by: 16) and therefore the total work potential into the turbine is given by: (17)
The total work potential at station 6 must therefore be given by: (19)
Finally, the net work potential output from the cycle is given by w 9 minus the work of ram compression: 
Using a similar approach to that employed for the ramjet, one can obtain an expression for the cycle work transfer efficiency of the turbojet system: 
Note that the gross work feedworward term remains largely unchanged from the ramjet case, though an extra component work transfer term has been added to account for the presence of the turbine in the feedforward path. Likewise, the ram work loss function is basically unchanged, though more work transfer terms are included to account for the various components in the ram work feedback loop path. One new term appears in this equation to account for the new work transfer path from the turbine into the compressor. Note that this term contains several parts: the total shaft work, the shaft work loss function, and a feedforward term. The loss function contains only those component transfer functions present in the shaft work feedback path. The feedforward term contains only those components in the path from the turbine to the thrust nozzle. For an afterburning turbojet engine (where it has again been assumed that the combustion process consists of a pressure drop followed by heat addition), one additional term appears in the equation: ) where w AB is the work potential associated with the addition of fuel in the afterburner. An expression for overall cycle work transfer efficiency must now include the total work potential input into the system: Extending this analysis further to a dual-spool turbojet engine, using engine station designations given in Fig. 6 , the work transfer is given by: Fig. 8 . To do so, presume that the two-spool turbojet considered previously is the core of a separate flow turbofan engine, where the fan is appended to the front of the LP spool and the fan hub + LP compressor now becomes a booster modeled as a single unit.
The equivalent work transfer representation of this cycle is shown in Fig. 9 . For the sake of analytical convenience, the engine is treated as having two separate flow streams, each undergoing its own work transfer process. Work transfer in the core stream is almost identical to the dual-spool turbojet case, though with a portion of the LP shaft work being transferred into the bypass stream. The work transfer process undergone by the bypass stream looks very similar to that undergone by the ramjet, though with the important difference that the work potential transferred into the system is not a function of inlet kinetic energy (ram work transfer) the way it is for the ramjet.
Since the separate flow turbofan has two mechanisms for work output (fan thrust and core nozzle thrust), the work transfer analysis used previously for the turbojet must be modified accordingly. In this case, the DSTJ net work output equation must have an additional term to account for the extraction of shaft work used to drive the fan: Since there is also a fan stream into which the fan shaft work is placed, there must be one additional work transfer equation for the fan stream:
Comparing this equation with its two-spool turbojet counterpart, it is evident that the two additional terms at the end of the expression can either increase or decrease the net work output, depending on the relative magnitudes of the contributing component transfer functions. Specifically, the fan work transfer function can add or detract from total cycle work output, depending on the relative magnitudes of fan work transfer versus core nozzle work transfer. This equation suggest that the product of fan and fan nozzle transfer efficiency should be higher than the product of LPT and core nozzle transfer efficiency if the addition of the fan stream is to be a favorable trade over the plain turbojet. The fan ram work path is always negative in sign, but the work transfer across the total loss can usually be made very small because the product of fan inlet, fan, and fan nozzle work transfer is very close to 1.0. Focus for a moment on the portion of the schematic that represents the transfer of fan shaft work into production of fan stream kinetic energy (denoted as w fan ). The transfer of work potential from gas generator shaft work into fan propulsive stream kinetic energy was previously labeled the transfer efficiency. Referring back to the block diagram algebra, it should be apparent that the fan work transfer path is a simple feedback loop that can be represented as:
where: 
This equation shows that the transfer efficiency of the fan system is given by the feedforward function, the loss function, and the ratio of fan ram work to fan shaft work (where lower case w is again presumed to mean work per pound of flow). It is safe to presume that the work transfer functions for the fan and fan nozzle have a good deal more impact on transfer efficiency than does the inlet work transfer. Also, it is clear from this expression that transfer efficiency is highly dependent on the non-dimensional ram work transfer.
A. Typical Design Point Work Transfer (Separate Flow Turbofan)
One can obtain a feel for the magnitudes of the terms in Eq. (28) for a typical high bypass turbofan engine by assuming typical component efficiencies and using the equations derived in Ref. 4 . Let us assume for the sake of argument a machine having an overall pressure ratio of 45, a fan pressure ratio of 1.45, a compressor pressure ratio of 22, a bypass ratio of 9:1, and a design point turbine inlet temperature of 3,300 R (1833 K). Further assume the design point component efficiencies as shown in Table 1 . All cooling flow circuits are ignored in the interest of simplifying the analysis, though they could be included in the analysis if desired. 
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As before, let us start by considering the transfer efficiency. In the case of the separate flow turbofan engine, transfer efficiency was dominated by the transfer of fan shaft work into a change of kinetic energy in the bypass stream. In the case of the mixed flow turbofan, there is only one propulsive output stream which is not dominated by either the bypass or core streams. Therefore, the entire collection of components A-G as well as J "look" like a gas generator in that their function is to transfer work theoretically available to the cycle into useable work potential into the mixer. If viewed in this way, the component that controls the transformation of cycle net work potential output into a change of propulsive stream kinetic energy is the nozzle. Therefore, the transfer efficiency can be thought of as being given by the nozzle work transfer efficiency: where w KE is the net kinetic energy deposited into the propulsive stream and w tailpipe is the work potential entering the nozzle from the tailpipe. The cycle transfer efficiency is then defined as the transfer of work potential available to the ideal cycle into work potential in the tailpipe. We know from the definitions of cycle transfer efficiency and transfer efficiency that their product is equal to the net work output divided by the fuel work potential input. An expression for this quantity was derived previously. If the quantity representing the transfer efficiency is factored out, the remaining terms represent the cycle transfer efficiency. In this case, if X H is factored out of the net work transfer expression, the cycle transfer efficiency is given by 
